21 22 128 interquartile range and dots represent outliers, if present. Letter groups indicate statistical 129 significance, P < 0.05, Kruskall-Wallis test with Dunn's post-hoc correction. b, Expression kinetics of 130 the PrrnB-GFP transcriptional reporter. Fluorescence in individual cells was measured by flow 131 cytometry. Mean fluorescence of bacterial populations ± s.d. over biological replicates are shown, n = 132 4. Data are representative of 3 independent experiments. c, Total RNA content in bacterial cells 133 during exponential phase (OD 600nm = 0.5-0.6). Values were normalised to SBW25 control within each Competition experiments
Abstract: 23
Observations of bacteria at the single-cell level have revealed many instances of phenotypic 24 heterogeneity within otherwise clonal populations, but the selective causes, molecular bases 25 and broader ecological relevance remain poorly understood. In an earlier experiment in 26 which the bacterium Pseudomonas fluorescens SBW25 was propagated under a selective 27 regime that mimicked the host immune response, a genotype evolved that stochastically 28 switched between capsulation states. The genetic cause was a mutation in carB that 29 decreased the pyrimidine pool (and growth rate), lowering the activation threshold of a pre-30 existing but hitherto unrecognised phenotypic switch. Genetic components surrounding 31 bifurcation of UTP flux towards DNA/RNA or UDP-glucose (a precursor of colanic acid 32 forming the capsules) were implicated as key components. Extending these molecular 33 analyses -and based on a combination of genetics, transcriptomics, biochemistry and 34 mathematical modelling -we show that pyrimidine limitation triggers an increase in 35 ribosome biosynthesis and that switching is caused by competition between ribosomes and 36
CsrA/RsmA proteins for the mRNA transcript of a feed-forward regulator of colanic acid 37 biosynthesis. We additionally show that in the ancestral bacterium the switch is part of a 38 programme that determines stochastic entry into the semi-quiescent capsulated state, 39 ensures that such cells are provisioned with excess ribosomes, and enables provisioned cells 40 to exit rapidly from stationary phase under permissive conditions. 41 42
Introduction: 44
Phenotypic variation between isogenic cells growing in homogeneous environments can 45 have adaptive consequences, allowing populations to survive unpredictable environmental 46 changes or promoting interactions between different cell types 1,2 . Natural selection, by 47 means of genetic mutations affecting the integration of stochastic noise within signaling 48 pathways, can fine-tune epigenetic switches 3-7 but the molecular details underpinning the 49 evolution of phenotypic heterogeneity remain poorly understood. 50
Opportunity to study the genetic bases of the evolution of phenotypic heterogeneity arose 51 from a selection experiment where the capacity to switch between different colony 52 phenotypes evolved de novo in the bacterium Pseudomonas fluorescens SBW25 (ref. 8) . In 53 this experiment, bacteria were passaged through consecutive cycles comprised of single-cell 54 bottlenecks and negative frequency-dependent selection, a regime mimicking essential 55 features of the adaptive immune system in animals. A genotype emerged (1B4) that forms 56 distinct opaque or translucent colonies on agar plates. At the single-cell level, this behaviour 57 reflects an epigenetic switch characterized by the bistable production of an extracellular 58 capsule, resulting in the coexistence of two sub-populations of capsulated (Cap + ) or non-59 capsulated (Cap -) cells. Capsules are made of a colanic acid-like polymer, whose production 60 arises from the activity of the wcaJ-wzb locus and requires the precursor UDP-glucose. A 61 mutation in carB (c2020t), a gene involved in de novo pyrimidine biosynthesis, is responsible 62 for heterogeneous capsule production via a decrease in intracellular pyrimidine pools 8,9 . 63 Additionally, the switch between capsulated and uncapsulated cells was found to be active 64 in the ancestral gentoype devoid of the carB mutation -the carB mutation having altered 65 the threshold at which the switch is activated -and to underpin the stochastic entry of cells 66 into a semi-quiescent state. 67
Here we extend earlier work and provide mechanistic understanding of how the carB 68 mutation determines capsulation heterogeneity. Of central importance is evidence that 69 ribosome biosynthesis is up-regulated upon pyrimidine limitation and that this favors 70 translation of a positively auto-regulated activator of capsular exopolysaccharide 71 biosynthesis that is otherwise inhibited by CsrA/Rsm proteins. The switch comprises part of 72 a programme that facilitates stochastic entry into a semi-quiescent state and rapid exit from 73 this state upon realisation of permissive conditions through modulation of ribosome levels.
Results 75

Capsulation is not induced by UDP-glucose depletion 76
Previous work analysed the switcher genotype 1B4 (ref. 8) and the link between pyrimidine 77 limitation (caused by a defect in CarB), growth and heterogeneous expression of capsules 9 . 78 Particular attention was given to bifurcation of UTP flux towards DNA/RNA, or UDP-glucose 79 (a precursor of colanic acid from which capsules are synthesised). Extensive analyses 80 showed that capsule production was tied to entry into a semi-quiescent state triggered by 81 reduction of flux though the pyrimdine biosynthetic pathway. The primary signalling 82 molecule was not identified, but it was hypothesised to be a product of the pyrimidine 83 biosynthetic pathway 9 , with UDP-glucose being a prime candidate given its role in regulation 84 of cell size and bacterial growth 10 . 85
To test the hypothesis that UDP-glucose underpins the switch to capsule production, a 86 translational (GFP) reporter fused to PFLU3655 (the primary transcriptional activator of the 87 wcaJ-wzb operon, see ref. 9 and below) was introduced into the chromosome of a galU 88 mutant of 1B4. The galU mutant is unable to convert UTP to UDP-glucose and is therefore 89 Cap -(ref. 9). The proportion of cells expressing the Ppflu3655-GFP reporter was reduced in 90 the mutant compared to the 1B4 switching genotype ( Supplementary Figure 1 ). This finding 91 was inconsistent with the prediction that low UDP-glucose is the signal that increases the 92 chance of switching to the capsulated state. Accordingly the mechanistic links between 93 pyrimidine limitation, growth and the heterogeneous production of capsules were 94 reassessed. 95
Ribosomes are over-produced in carB mutants 96
Transcriptomic data published previously 9 was interrogated to identify signalling pathways 97 displaying different levels of activity as a result of the causal carB mutation. KEGG-98 enrichment analyses showed over-representation of ribosomal components among the 99 genes that are expressed at least two-fold more in the capsulated sub-population of 1B4 100 (1B4 Cap + ) compared to its (non-capsulated) ancestor 1A4 ( Supplementary Table 1 ). By 101 extracting raw expression values from the available RNAseq datasets, it was found that the 102 average expression levels of ribosomal protein genes increased in 1B4 (in both Capand 103 Cap + ) compared to 1A4 or SBW25 ( Fig. 1a ). Such a finding is surprising since ribosome 104 production is usually proportional to growth rate 11, 12 and was expected to be reduced in the 105 slower growing strain 1B4 ( Supplementary Figure 2) . Bacteria adjust ribosome concentration to match nutrient availability in order to maximise 107 growth rate. They do so by modulating transcriptional activity at ribosomal RNA (rrn) 108 operon promoters 11,12 causing the production of ribosomal proteins to match available rRNA 109 (ref. 13). The over-expression of ribosomal protein genes in 1B4 may therefore reflect 110 transcriptional up-regulation at rrn promoters. Using a chromosomally-integrated reporter, 111 an increase in PrrnB-GFP transcriptional activity was detected in carB mutants compared to 112 immediate ancestral types (Fig. 1b) . This difference was most obvious when cultures 113 reached OD~2, a density at which 1B4 cultures undergo a noticeable increase in capsulation 114 (Supplementary Figure 3) . Supplementing growth media with 2mM uracil -a treatment 115 known to suppress capsulation 9 -restored wild-type PrrnB-GFP expression in strains 116 carrying the mutant carB allele ( Fig. 1b ). Measurement of cellular RNA content also showed 117 higher levels in carB mutants ( Fig. 1c ). These measurements were not affected by cell size 118 The counterintuitive effect of the carB mutation on ribosome levels suggested a causal 139 connection between ribosome concentration and capsulation. In support of this hypothesis, 140 a previous transposon-mutagenesis screen found that insertions in ribosome-or translation-141 associated genes (prfC, rluB, rluC, glu/gly tRNA) decreased or abolished capsulation in 1B4 142 (ref. 9). We set out to manipulate ribosome concentration in 1B4 in order to test directly if 143 ribosome abundance affects capsulation. 144 P. fluorescens SBW25 harbours five copies of rrn (rrnA-E). Because deletion of a single rrn 145 operon can often be compensated by over-expression of those remaining 14-16 capsulation 146 was quantified in both single and double rrn deletion mutants using the chromosomally-147 inserted translational reporter Ppflu3655-GFP (ref. 9). Whereas single mutants were not 148 significantly affected in capsulation status, double mutants produced fewer capsulated cells 149 ( Fig. 2a and Supplementary Figure 5 ). Growth rate was only marginally affected in certain 150 mutant combinations (Supplementary Figure 6 ) but a significant reduction in total RNA 151 content was observed in three out of the six rrn double mutants ( Supplementary Figure 7) . 152
Together, these results show that capsulation is positively affected by increased ribosome 153 abundance, which is itself a response to pyrimidine starvation . Two putative Rsm binding sites are located in the promoter and 5' region of the coding 221 sequence of PFLU3655 (Fig. 4a ), indicating that PFLU3655 mRNA could be a direct target of 222
RsmA/E. The Ppflu3655-GFP capsulation reporter was used to test this hypothesis. This 223 translational reporter contains ~500 nucleotides upstream of the PFLU3655 start codon with 224 the first 39 coding nucleotides being fused in frame to GFP; the two putative RsmA/E binding 225 sites are conserved in this synthetic construct. Using site-directed mutagenesis, nucleotides located in the putative Rsm binding sites were substituted and effects on GFP expression in 227 the Ppflu3655-GFP reporter strain determined ( Fig. 4a,b ). Both G-8A and A33T point 228 mutations increased GFP production, albeit to different extents, consistent with the 229 expected effects arising from reduction in binding of an inhibitor. Altering the putative RBS 230 (GG-7AC) completely abolished GFP expression ( Fig. 4b) , which is similarly to be expected 231 given the need for translation. 232 To determine effects on capsulation, the individual point mutations were re-introduced at 248 the native locus in 1B4 and SBW25. The G-8A mutation, but not the A33T mutation, 249 increased the proportion of capsulated cells in both strains ( Fig. 4c, d) . This difference 250 mirrors the difference observed on expression of GFP and suggests that the increase in 251 PFLU3655 translation mediated by the A33T mutation is not sufficient to increase the 252 likelihood to jump-start the positive feedback loop, contrary to G-8A. 253
Together, these data support the model proposed earlier (Fig. 2c ). If this model is correct, 254 one would expect other RsmA/E targets to be over-expressed in carB mutants. A list of 255 genes that were differentially expressed in a SBW25 gacS mutant 26 was extracted and their 256 expression levels were compared using the RNAseq dataset. On average, genes that were 257 up-regulated in the gacS mutant were expressed at lower levels in 1B4 (both Capand Cap + ) 258 than in SBW25 or 1A4 ( Supplementary Figure 8) . Genes that were down-regulated in gacS 259 showed a slight bias towards higher expression in 1B4 Cap + but this difference was not 260 statistically significant. These results are consistent with the opposing effects of gacS 261 inactivation (leading to constitutive activation of RsmA/E) and carB-dependent increase in 262 ribosome concentration on RsmA/E targets. Like other systems where post-transcriptional control is mediated by regulators acting as 282 mRNA 'sponges', molecular titration introduces nonlinearities that can give rise to 283 bistability 22-25 . When the system is bistable, an 'OFF' equilibrium, where the gene is not 284 translated, coexists with an 'ON' equilibrium, where the protein, thus the fluorescent 285 reporter, are produced. The level of protein expression in this second equilibrium is set by 286 saturation of the transcription rate with increasing protein concentration. These two stable 287 equilibria are separated by a third unstable equilibrium -whose position depends on all the 288 parameters of the system -which sets the protein concentration threshold for mRNA 289 translation to overcome sequestration by the regulator. Assuming that the transition 290 between the two alternative states takes place due to stochastic processes at the molecular 291 level, extension of the basin of attraction of either stable equilibrium can be taken as a proxy 292 of the probability of observing cells in the corresponding state. 293
As shown in Figure S2 from Supplementary Note, the model reproduces the qualitative 294 modifications observed experimentally: the entry into a bistable regime when ribosome 295 levels increase (hence the difference between SBW25 and 1B4 strains), and the increase 296 both in the capsulation probability and in the protein levels when either a second, 297 unregulated, source of mRNA production is added, or the binding affinity of the regulator is 298 reduced. As a corollary of our model ribosome levels are expected to be heterogeneous in 299 the population with capsulated cells having an increased average ribosome content with 300 respect to non-capsulated cells. Indeed, RNAseq data indicate that ribosomal protein genes 301 are expressed at higher levels in 1B4 Cap + compared to 1B4 Cap - (Fig. 1a) . 302 303
Consequences of ribosome heterogeneity on growth resumption in capsulated cells 304
When the quality and/or quantity of nutrients rises abruputly, differences in ribosome 305 abundance can be significant for bacterial fitness 27 . Reaching higher ribosome 306 concentrations -required for maximal growth rate after nutrient up-shift -is time-307 consuming and introduces a time-delay between environment change and future growth 28 . 308
Cells with higher ribosome concentrations before nutrient up-shift might be considered as 309 having been provisioned for rapid acclimation to the new conditions. If it is true that 310 ribosomes promote growth resumption after nutrient up-shift, then capsulated cells should 311 have an average growth advantage under these conditions. To test this prediction, 1B4 cells 312 grown to late exponential phase (OD 600nm~1 ) and cell suspensions enriched in Capor Cap + 313 cells were used to inoculate fresh cultures. The initial growth rate after nutrient up-shift in 314 batch cultures was positively correlated with the proportion of capsulated cells (Fig. 5a) . 315
Time-lapse microscopy on solid agar pads confirmed that colonies founded by GFP + 316 (capsulated) cells grew approximately 10% faster than those originating from GFP -(non-317 capsulated) cells (Fig. 5b) . 318 319 Figure In order to test if capsulation occurs in ancestral SBW25 colonies, we spot-inoculated 334 bacterial suspensions on agar plates with incubation at 28°C for several days. Mucoid 335 papillations were observed in the centre of colonies from 5 days post-inoculation and 336 increased over time (Fig. 6a ). These papillations were not observed in colonies derived from 337 a colanic acid mutant (data not shown) and their appearance was delayed when 2mM uracil 338 was added to agar plates (Fig. 6b ). In SBW25, cells sampled from mucoid regions showed a 339 high proportion of capsulated cells, approximately 60% of which expressed the Ppflu3655-340 GFP reporter (Fig 6c) . The fact that some capsulated cells do not express the GFP reporter in 341 old colonies may result from remanence of capsules around cells that have stopped 342 production, and/or from a possible PFLU3655-independent capsulation program. When 343 streaked on new agar plates, no phenotypic difference was observed in colonies arising from mucoid versus non-mucoid cells (data not shown), indicating that mucoidy is not dependent 345 on de novo mutation. These results indicate that capsulation in starved SBW25 colonies is 346 also a consequence of bistable colanic acid production. 347
Given previous results with 1B4, we reasoned that capsulated SBW25 cells might also 348 benefit from a growth advantage upon exposure to rich medium. Cells were collected from 349 7-day old colonies and enriched in capsulated or non-capsulated cells by gentle 350 centrifugation. When transfered to fresh batch cultures, cell suspensions enriched in 351 capsulated cells showed a faster initial growth rate ( Supplementary Figure 9 ). To directly 352 measure the fitness effect of capsulation during growth resumption, cellular suspensions 353 from colonies of SBW25 or its isogenic variant carrying a neutral lacZ marker 33 were 354 collected. SBW25 Capcells were mixed with SBW25-lacZ Cap + cells, and vice versa, to 355 initiate competition experiments. A significant fitness advantage of capsulated cells was 356 detected after 2h or 4h growth in KB medium (Fig. 6d ). Finally, time-lapse microscopy 357 experiments revealed that micro-colonies founded by GFP + cells display an initial growth 358 rate significantly higher than colonies arising from GFPcells (Fig 6e) . To test if capsulation status in SBW25 is also associated with higher average ribosome 373 content, we measured expression of the ribosomal protein gene rpsL in capsulated and non-374 capsulated cells originating from old SBW25 colonies by RT-qPCR. We found an expression 375 ratio of 1.67 (+/-0.35 s.d., n = 5, two-tailed t-test, P = 0.012) in Cap + vs. Capcells, suggesting 376 that SBW25 capsulated cells contain on average more ribosomes than their non-capsulated 377 counter-parts. (Fig. 2c) is competition between RsmA/E and 406 ribosomes for PFLU3655 mRNA, a positive regulator of capsulation. That translation 407 initiation and/or efficiency may affect signaling through the GacAS two-component system 408 was previously suggested in two independent studies 34,35 . 409 Importantly, in our model, titration of PFLU3655 mRNA by RsmA/E has the potential to 410 generate bistability. An increase in ribosome production resulting from the carB mutation 411 A remaining open question is the mechanistic link between pyrimidine starvation and 426 ribosome biosynthesis. While the stringent response is believed to tune ribosome 427 production to cellular needs 39 , a phenomenon of ribosome over-capacity -bearing similarity 428 to what we describe as 'ribosome provisioning' -was previously reported in slow growing 429 bacteria 40-42 and occurs concomitantly with a reduction in the rate of translation (or 430 accumulation of inactive ribosomes). RelA-dependent production of ppGpp was shown to be 431 necessary for ribosome accumulation under nitrogen starvation 42 , but a relA spoT mutant of 432 genotype 1B4 was unaffected in its capacity to switch (data not shown). It is possible that in 433 1B4 an imbalance in the nucleotide pool -a factor known to influence ribosome production 434 in E. coli 43 -may directly alter ribosome production. 435
In vitro selection experiments can shed light on hitherto unrecognized aspects of bacterial 436 physiology [44] [45] [46] [47] [48] [49] . Understanding the evolutionary origin of the switch between cells with 437 differing capsulation states requires understanding of the function and ecological 438 significance of the switch in the ancestral genotype. Previous work showed that switching to 439 the capsulated type was accompanied by a reduction in growth rate and that the probability 440 of switching to the capsulated state was more likely in starved cells (particularly in cells 441 starved of pyrimidines). This was understood as a mechanism that allowed cells entering 442 starvation conditions to hedge their bets in the face of uncertainty surrounding the future 443 state of the environment 9 . Discovery that capsulated cells, despite slow growth, are replete 444 in ribosomes was perplexing, but caused attention to focus on exit from the semi-quiescent 445 state. Just as cells entering a slow growing phase stand to be out-competed by conspecific 446 types that remain in the active growth phase should the environment unexpectedly return 447 to one conducive for growth, cells exiting from a slow growth state stand to be out-448 competed by types that are already actively growing unless they can rapidly resume "life in 449 the fast lane". This phenomenon that we refer to as 'ribosome provisioning' has parallels 450 with recent reports of ribosome dynamics in exponentially growing cells 27, 50, 51 is not difficult to conceive that bacterial cells entering a slow or non-growing state, such as 461 persisters, or the capsulated cells of SBW25, will through evolutionary time, experience 462 selection for mechanisms that facilitate rapid re-entry to active growth. Our data here is 463 suggestive of such an evolutionary response. 464 465
Material and methods: 466
Bacterial strains and growth conditions 467
Bacterial strains used in this study are listed in Supplementary Table 1 DH5α λpir was used for cloning and was grown on Lysogeny Broth at 37°C. Bacteria were 470 plated on their respective growth media containing 1.5% agar. Antibiotics were used at the 471 following concentrations: ampicillin (50-100 μg mL -1 ), gentamicin (10 μg mL -1 ), tetracycline 472 (10 μg mL -1 ), kanamycin (25 or 50 μg mL -1 for E. coli or P. fluorescens, respectively) and 473 nitrofuorantoin (100 μg mL -1 ). Uracil (Sigma-Aldrich) was added to culture medium at 2 mM 474 final concentration when indicated. For competition experiments, 5-bromo-4-chloro-3-475 indolyl-β-d-galactopyranoside (X-gal) was used at a concentration of 60 mg L −1 in agar plates. 476
For capsulation assays, pre-cultures were inoculated from pre-calibrated dilutions of frozen 477 glycerol aliquots in order to reach an OD 600nm of 0.3-0.5 after overnight culture. 478
For colony assays with SBW25, 5 μl of cell suspensions were spot-inoculated on KB agar 479 plates and incubated for 7 days at 28°C. Cells from the center of these colonies were 480 resuspended in PBS or Ringer's solution for growth and competition assays and time-lapse 481 microscopy, or in RNAlater solution (Invitrogen) for RT-qPCR. 482 483
Molecular techniques 484
Oligonucleotides and plasmids used in this study are listed in Supplementary Tables 2 and 3,  485 respectively. Standard molecular biology techniques were used for DNA manipulations 56 To generate deletion mutants (rrn operons, gacA, rsmA, rsmE and pflu3655), regions 495 flanking the genes or operons of interest were amplified from SBW25 genomic DNA and 496 assembled by SOE-PCR. Deletion cassettes were inserted into the pUIC3 plasmid 60 as SpeI 497 fragments and mutants were obtained following the two-step allelic exchange protocol 498 described previously 33 . Deletion mutants were checked by PCR. To check rrn copy number 499 after rrn deletions, quantitative PCR was performed using a protocol described previously 61 . 500
For complementation and over-expression studies, PFLU3655 was amplified and cloned into 501 Site-directed mutagenesis was performed on this plasmid as described above, and the 514 resulting DNA fragments were cloned in pUIC3 as SpeI restriction fragments and introduced 515 into the P. fluorescens genome via the two-step allelic exchange protocol. 516
517
RNA extractions and RT-qPCR 518
For quantification of RNA concentration in bacterial cultures, cells were harvested from 1 ml 519 of cultures at OD 600nm of 0.5-0.6 and resuspended in 200 μl of RNAlater solution (Invitrogen). 520
For total RNA quantification, we followed the method described by ref. 65, except that, 521 before processing, cells cultures were resuspended in RNAlater (Invitrogen) instead of being 522 fast frozen on dry ice. To normalise total RNA concentrations, the relationship between cell 523 density and OD 600nm was established for each strain by counting cells with a hemocytometer 524 in 5 independent cultures of similar OD to those used for RNA extractions. For rrn double 525 mutants, no significant difference in the cell/OD 600nm ratio was found when compared to 526 1B4, so RNA quantities were normalised with OD 600nm values. 527
Reverse-transcription quantitative PCR was performed as described previously 61 , using gyrA 528 as an internal control. Oligonucleotide primers used for RT-qPCR are listed in Supplementary 529 Table 2 . 530 531
Capsulation and gene expression assays 532
For capsulation tests, cells were grown from standardized glycerol aliquots stored at -80°C. 533
Aliquots were diluted in KB and pre-cultures were grown overnight in order to reach an 534 OD 600nm of 0.3-0.5 in the morning. For gene expression studies, overnight pre-cultures were 535 grown to saturation. In both cases, pre-cultures were diluted to OD 600nm of 0.05 in KB and 536 incubated at 28°C. IPTG was added to a final concentration of 0.1-1mM when indicated. Overnight precultures were adjusted to OD 600nm of 0.05 and 200 μl KB cultures were grown in 552 96-well plates. Cultures were incubated in a Synergy 2 microplate reader (Biotek) for at least 553 24h at 28°C with constant shaking and OD 600nm was read every 5 minutes. 554
To measure growth rates of cultures enriched in capsulated or non-capsulated cells, cells 555 were harvested from late-exponential phase (OD 600nm ~ 1; 1B4) or 7-day old colonies 556 (SBW25) and centrifuged (1 min, 3000 rpm). Supernatants and pellets were collected, 557
representing sub-populations enriched in capsulated and non-capsulated cells, respectively. 558
Cell suspension density was adjusted to OD 600nm of 0.05 in KB to start growth curves. Initial 559 growth rates were calculated by performing a linear regression on the logarithm of the 560 measure OD values during the first 2h of growth. 561
Microscopy 563
Microscopy experiments were performed with an Olympus BX61 upright microscope 564 equipped with an F-View II monochrome camera, a motorized stage and a temperature-565 controlled chamber set at 28°C. Devices were operated by the Cell^P or CellSens softwares 566 (Olympus). Phase-contrast images were acquired with an oil-immersion 100x/N.A. 1.30 567 objective. GFP fluoresecence images were acquired with the following filter set: excitation 568 (460-480 nm), emission (495-540 nm) and dichroic mirror (DM485). 569
Indian ink staining of capsulated cells was performed as described previously 9 . To determine 570 cell size, exponentially growing bacteria were diluted 1:10 in KB and transferred on 1% 571 agarose-KB gel pads. Cell sizes were determined from phase-contrast images with MicrobeJ 572 (ref. 69). For time-lapse microscopy, bacteria were harvested from late exponential phase 573 (1B4, OD 600nm ~ 1-2) or from 7 day-old colonies (SBW25), diluted 1:1000 in KB and 2μl of the 574 resulting suspension was immediately transferred on a gel pad (1% agarose KB) located on a 575 glass slide within an adhesive frame (GeneFrame, Thermo-Fisher). When dry, a cross-section 576 of the pad was removed with a razor blade in order to allow gas exchanges to occur; the 577 preparation was sealed with a glass cover-slip and transferred to the microscope incubation 578 chamber pre-heated to 28°C. One GFP image was taken before starting the experiment in 579 order to determine the capsulation status of each cell and phase-contrast images were then 580 recorded every 10 minutes. 581
Phase contrast images were segmented with Fiji (ref. 70) and individual colony areas were 582 extracted. For each colony analysed, the capsulation status of the founding cell was 583 determined manually based on GFP signal. The logarithm of the growth rate of individual 584 1B4 colonies was then fitted using a linear regression. For SBW25, segmented linear 585 regressions were found to better fit the data and the slope of the first line was reported. 586 587
RNAseq analyses 588
RNAseq data were published previously 9 . KEGG orthology terms for the SBW25 genome 589 were downloaded from the KEGG Orthology database (www.genome.jp; accessed in April 590 2016). KEGG enrichment statistics were computed with a hypergeometric test and were 591 performed separately for up-and down-regulated genes. Data from the transcriptome 592 analysis of SBW25 gacS mutant were retrieved from Supplementary Table 3 from ref. 26.  593 with the references ANR-10-LABX-54 MEMOLIFE and ANR-10-IDEX-0001-02 PSL* Research 626 University. 627 628
